Resumo: This paper presents a nonlinear controller for uncertain single-input-single-output nonlinear systems (SISO). The adopted approach is based on the feedback linearization strategy and enhanced by a fuzzy inference algorithm to cope with modeling inaccuracies and external disturbances that can arise. An application of this nonlinear controller to a second-order nonlinear system is also presented. The obtained numerical results demonstrate the improved control system performance.
INTRODUCTION
Due to its simplicity, feedback linearization scheme is commonly applied in industrial control systems, specially in the field of industrial robotics. The main idea behind this control method is the development of control law that allows the transformation of the original dynamical system into an equivalent but simpler one [5] . Although feedback linearization represents a very simple approach, an important drawback is the requirement of a perfectly known dynamical system, in order to ensure the exponential convergence.
Because of the possibility to express human experience in an algorithmic manner, fuzzy logic has been largely employed in the last decades to both control and identification of dynamical systems. In spite of the simplicity of this heuristic approach, in some situations a more rigorous mathematical treatment of the problem is required. Recently, much effort has been made to combine fuzzy logic with nonlinear control methodology. As demonstrated by [1] , fuzzy algorithms can be properly combined with nonlinear controllers in order to improve the trajectory tracking of uncertain nonlinear systems. It has also been shown that such strategies are suitable for a variety of applications ranging from remotely operated underwater vehicles [3, 4] to chaos control [2] .
In this paper, a nonlinear controller is proposed to deal with imprecise single-input-single-output (SISO) nonlinear systems. The adopted approach is based on the feedback linearization method, but enhanced by a fuzzy inference system in order to compensate for modeling imprecisions and external disturbances. Numerical simulations are carried out in order to demonstrate the improved performance of the proposed control scheme.
FEEDBACK LINEARIZATION
Consider a class of n th -order nonlinear systems:
where u is the control input, the scalar variable x is the output of interest, x (n) is the n-th time derivative of x, x = [x,ẋ, . . . , x (n−1) ] is the system state vector, d represents external disturbances and unmodeled dynamics, and f, b : R n → R are both nonlinear functions. Let us now define an appropriate control law that ensures the tracking of a desired trajectory
] is the related tracking error. On this basis, assuming that the state vector x is available to be measured and the functions f and g are well known, with |b(x, t)| > 0, the following control law:
The convergence of the closed-loop system could be easily established by substituting the control law, Eq. (2), in the nonlinear system, Eq. (1). The result-ing dynamical system could be rewritten by means of the tracking error:
where the related characteristic polynomial is Hurwitz. However, since d is unknown the control law in Eq. (2) is not sufficient to ensure the exponential convergence of the tracking error to zero. On this basis, we propose the adoption of fuzzy inference system within the control law, in order to estimate d and to enhance the feedback linearization controller.
FUZZY INFERENCE SYSTEM
The adopted fuzzy inference system was the zero order TSK (Takagi-Sugeno-Kang), with the r th rule stated in a linguistic manner as follows:
(n−1) are fuzzy sets, whose membership functions could be properly chosen, andD r is the output value of each one of the N fuzzy rules.
Considering that each rule defines a numerical value as outputD r , the final outputd an be computed by a weighted average:d Thus, the control law with the fuzzy compensation scheme can be stated as follows
ILLUSTRATIVE EXAMPLE
In order to illustrate the controller design methodology, consider a controlled Van der Pol oscillator
In this way, for this second order system with state vector x = [x,ẋ], a nonlinear controller can be chosen as follows
In order to evaluate the performance of the proposed control law, Eq. (8), a numerical simulation was carried out. The simulation study was performed with an implementation in C, with sampling rates of 500 Hz for control system and 1 kHz for the Van der Pol oscillator, and the differential equations were numerically solved using the fourth order Runge-Kutta method. The chosen parameters for the Van der Pol oscillator were b = 1 and µ = 1. Regarding the controller design, to ratify its robustness against parametric uncertainties, an uncertainty of ±20% over the value of b was taken into account.
The unforced Van der Pol oscillator, i.e., by considering u = 0, exhibits a limit cycle. The control objective is to let the state vector x = [x,ẋ] track a desired trajectory x d = [sin t, cos t] situated inside the limit cycle. Figure 1 shows the phase portrait of the unforced Van der Pol oscillator with the limit cycle, two convergent orbits and the desired trajectory. In this work, the adopted fuzzy rule base is presented in Table 1, Figure. 2, despite the modeling imprecisions, the proposed control scheme allows the actuated Van der Pol oscillator to track the desired trajectory. 
CONCLUDING REMARKS
In the present work, a nonlinear controller, based on the feedback linearization method and enhanced by a fuzzy inference system, was implemented to deal with the trajectory tracking problem for uncertain nonlinear systems. In order to evaluate the control system performance, the proposed scheme was applied to the actuated Van der Pol oscillator. Numerical simulations confirmed the ability of proposed control scheme to ensure trajectory tracking, even in the presence of modeling imprecisions. [5] J.-J. E. Slotine and W. Li. Applied Nonlinear Control. Prentice Hall, New Jersey, 1991.
